L eptin, the circulating protein product of the ob gene, was recently shown to be a satiety factor regulating food intake and energy expenditure. 1 Although it is produced primarily by adipocytes and has a primary effect on the hypothalamus, it is also produced by nonadipocytic cells 1 and targets extrahypothalamic tissues. 2, 3 It has effects on lipid metabolism, hematopoiesis, pancreatic cell function, thermogenesis, and the response to bacterial lipopolysaccharide. 4, 5 The wide role of leptin is not surprising given the pattern of expression of its receptors in a multitude of tissues, including but not limited to the brain, lung, kidney, spleen, heart, and liver. 2, 3 Previously characterized leptin receptors, which are all products of alternative splicing of the db gene transcript, 6 have differential patterns of expression in different tissues. 2 They share identical extracellular and membrane-spanning domains, but the intracellular domain varies in length as a result of the alternative splicing. 3 The long form of the receptor (OB-Rb) seems to be responsible for generating the intracellular signals controlling hypothalamic responses to leptin. However, little is known about its role in regulating extrahypothalamic signal transduction.
Circulating leptin concentrations vary with fat mass, 7 sex hormone levels, 8 exposure to bacterial lipopolysaccharide, 5 increased dietary fat, 9, 10 and age. 8, 11, 12 Collectively, the wide distribution of leptin receptor expression and the multiple regulatory mechanisms and factors involved in the control of leptin levels suggest that leptin is involved in other physiological or pathological conditions. Sierra-Honigmann et al 4 and Bouloumie et al 13 showed that leptin has angiogenic activity in endothelial cells. Silver et al 14 recently showed that leptin regulates the hepatic clearance of high density lipoproteins in mice, hence possibly affecting lipid-associated diseases such as atherosclerosis.
Recently, we and others showed that vascular calcification is an actively regulated process involving a subpopulation of artery wall cells, called calcifying vascular cells (CVC) , that undergo osteoblastic differentiation and form hydroxyapatite mineral. 15 Both leptin levels and vascular calcification increase with age 8, 16 and with a high-fat diet. 9, 17 Because leptin also modulates the differentiation of marrow osteoprogenitor cells, 18 we hypothesized that leptin may modulate the differentiation of vascular osteoprogenitor cells. The results in the present report indicate, for the first time, that leptin is a potent inducer of osteoblastic differentiation and calcification of CVC in vitro and that the leptin receptor is expressed by CVC and by subpopulations of cells in the mouse artery wall. In addition, the in vivo expression of leptin in the artery wall and by human aortic endothelial cells and monocyte/macrophages in vitro are shown. The presence of leptin and its receptor in the artery wall suggests that physiological or pathological functions of artery wall cells may be targets of leptin action.
Materials and Methods

Cell Culture
CVC clones were isolated from cultures of bovine smooth muscle cells harvested from bovine aortic medial explants and cultured as previously described. 15 Human aortic endothelial cells were isolated and cultured as previously described. 19 Human peripheral blood monocytes were isolated as previously described, 20 plated in 30% autologous human serum in Iscove's modified Dulbecco's medium (IMDM; Irvine Scientific) supplemented with 100 U/mL penicillin, 100 g/mL streptomycin, 0.25 g/mL Fungizone (amphotericin b), 2 mmol/L L-glutamine, and 0.22 U/mL insulin, and cultured for 7 days before RNA extraction. Human adipocytes were kindly provided by Dr Daniel De Ugarte (Department of Surgery, University of California at Los Angeles). Murine recombinant leptin was obtained from BioMol Research Laboratories and was 95% pure by SDS-PAGE, according to the manufacturer.
Alkaline Phosphatase Activity Assay
A cell-associated alkaline phosphatase activity assay was performed as previously described. 21 
Von Kossa Staining for Calcification
Cell monolayers were fixed in 0.1% glutaraldehyde for 15 minutes at room temperature, followed by staining with silver nitrate, as previously described. 21 45 Ca incorporation into matrix of CVC cultures was performed as previously described. 21 
Ca Incorporation
Reverse Transcriptase Polymerase Chain Reaction
Total RNA from tissue or cells grown in duplicate 60-mm tissue culture dishes was isolated using an RNA isolation kit (Strategene). A total of 3 g of the total RNA was reverse-transcribed in a 50-L reaction volume, as described previously. 22 Primers were constructed from bovine leptin receptor (accession number U62385) and mouse leptin receptor (accession number MMU58861), homologous to the long form of human leptin receptor OB-Rb, and from mouse leptin (accession number U2421.1). Sequences of the primers, synthesized by Gibco-BRL were as follows: bovine leptin receptor: sense (1-25) 5Ј-GTGCCAGCAACTACAGATGCTCTAC-3Ј, antisense (356-380) 5Ј-AGTTCATCCAGGCCTTCTGAGAACG-3Ј; mouse leptin receptor: sense (2872-2893) 5Ј-TGAGATGGTCCCAGCAGC-TATG-3Ј, antisense (3260-3239) 5Ј-CCAAAAGCTCATC-CAACCCCGA-3Ј; and mouse leptin: sense (7-26) 5Ј-TGGAGACCCCTGTGTCGG-TT-3Ј, antisense (479-502) 5Ј-AGCATTCAGGGCTAACAT-CCAACT-3Ј. Polymerase chain reaction (PCR) was performed as previously described, 22 except the annealing temperature was 65°C and the total number of cycles was 45 for bovine leptin receptor, 36 for mouse leptin receptor, and 41 for mouse leptin. PCR products (expected length of 380 base pairs for bovine leptin receptor, 389 base pairs for mouse leptin receptor, and 496 base pairs for mouse leptin) were electrophoresed on an agarose gel and visualized using ethidium bromide stain. All PCR products were sequenced by the University of California at Los Angeles (UCLA) sequencing core laboratory, and the sequencing results were electronically compared with GenBank entries using BLAST NIH software. Bovine leptin receptor PCR product showed the highest similarity to the submitted entry U62385 (Bos taurus obese receptor gene); the mouse leptin receptor PCR product showed the highest similarity to the submitted entry AF098792 (Mus musculus leptin receptor long isoform Rb gene); and the mouse leptin PCR product showed the highest similarity to the submitted entry NM_008493 (Mus musculus leptin mRNA).
Immunocytochemistry
Confluent CVC monolayers were grown in chamber slides and fixed with 4% paraformaldehyde and stained with the polyclonal rabbit anti-mouse leptin receptor antibody OBR-E1 (Torrey Pines Biolabs) at a concentration of 4 g/mL. This antibody was generated using Escherichia coli-expressed recombinant OB receptor, amino acids 25 to 208, as an immunogen. It was found to react with both recombinant and natural mouse OB receptor (per Torrey Pines Biolabs). As a negative control, nonimmunized rabbit IgG at concentrations equal to the anti-leptin receptor antibody was used. Biotinylated secondary antibody was used for visualization, and counterstaining with hematoxylin was performed.
Western Blot Analysis
CVC grown in duplicate 100-mm plates were scraped and centrifuged, and the cell pellet was resuspended in 1ϫ PBS containing protease inhibitors (0.5 g/mL leupeptin, 0.7 g/mL pepstatin, and 0.2 mmol/L phenylmethylsulfonyl fluoride). A partially purified membrane fraction was prepared by freeze-thawing the cells 3 times in a dry ice-ethanol bath. On visualization under light microscope, all cells were ruptured. The membrane fraction was then collected after centrifugation for 10 minutes at 14 000g, resuspended in lysis buffer containing protease inhibitors under reducing conditions, and electrophoresed on 8% Tris-glycine gels (Novex). This was followed by transfer to nitrocellulose membranes, as previously described. 22 The blots were probed with 2 g/mL of either the polyclonal rabbit anti-mouse leptin receptor antibody OBR-E1 (Torrey Pines Biolabs) or with nonimmunized rabbit IgG. Detection of immunoreactive proteins was done by enhanced chemiluminescence (Amersham).
Northern Blot Analysis
A total of 10 g of total RNA extracted from tissues or cells was electrophoresed through a 1% agarose gel and transblotted to a nylon membrane, as previously described. 19 The blot was hybridized with a 32 P-labeled human leptin probe generated by PCR using the gene sequence for human leptin (accession No. U43653). The sequences of the primers synthesized by Gibco-BRL were as follows: sense (67-87) 5Ј-GAACCCTGTGCGGATTCTTGT-3Ј; antisense (344-367) 5Ј-AGGTTCTCCAGGTCGTTGGATATT 3Ј. A PCR product of 301 base pairs was gel-purified and used for Northern analysis. The PCR product was sequenced by the UCLA sequencing core laboratory, and the sequencing results were electronically compared with GenBank entries using BLAST NIH software. They showed the highest similarity to submitted entry XM_004625 (Homo sapiens leptin mRNA).
Leptin RIA
Leptin RIA was performed on conditioned media from cultured human aortic endothelial cells and human monocyte/macrophages. Cells were cultured in 60-mm tissue culture plates as described above for 6 days. The media was then replaced with 3 ml of IMDM for monocyte/macrophages and M199 for endothelial cells, both containing 10% FBS. After 48 hours, conditioned media was collected, centrifuged to remove detached cells, and stored at Ϫ70°C. The cell layer was dissolved in 0.4 mol/L NaOH, and the protein concentration was measured using the Bradford protein assay (Bio-Rad). A total of 100 L of conditioned media from each cell type was used in the human leptin RIA assay from Linco Research according to the manufacturer's instructions. According the manufacturer's information, this RIA assay has 100% specificity for human leptin and Ͻ0.2% specificity for leptin from other species. The leptin concentrations obtained were normalized to cellular protein content.
Tissue Preparation and Immunohistochemistry
Normal aortas were obtained from 6-month-old, female, C57BL/6J mice. Atherosclerotic aortas were obtained from 6-month-old, female, LDL receptor-null mice fed an atherogenic diet for 4 months or from apoE-null mice, the F2 progeny of a C57BL/6J X DBA/2J intercross (generous gift of Dr Thomas A. Drake, Department of Pathology, UCLA), fed a high-fat atherogenic diet for 4 months. The aortas were surgically removed, embedded in OCT compound (Fisher Scientific), and frozen in liquid nitrogen. Unfixed 8-m serial sections were incubated in Tris saline solution containing 8 mmol/L Tris-base, 40 mmol/L Tris-HCl, 150 mmol/L NaCl, 5% wt/vol nonfat dry milk, and 1% v/v normal goat serum for 2 hours at room temperature to block nonspecific binding and then stained for leptin receptor using the OBR-E1 polyclonal rabbit anti-mouse antibody (Torrey Pines Biolabs) at 4 g/mL, for von Willebrand factor using a polyclonal rabbit anti-human antibody (DAKO Corp) at 1 g/mL, or for leptin using an affinity-purified rabbit anti-mouse polyclonal antibody (OB A-20, Santa Cruz Biotechnology) at 1 g/mL. To control for possible nonspecific staining, serial sections were stained with leptin antibody neutralized with blocking peptide (Santa Cruz Biotechnology) according to the manufacturer's instructions. Biotinylated goat anti-rabbit secondary antibody was used to detect the primary antibodies and visualized using the Vectastain ABC kit (Vector Labs) followed by Peroxidase Chromogen AEC kit (Biomeda Corp), according to the manufacturer's instructions. Tissue sections were counterstained with hematoxylin.
Statistical Analysis
Statistical analyses were performed using ANOVA.
Results
Leptin Induces Calcification in Cultures of CVC
We previously found that CVC undergo a differentiation process similar to that seen in preosteoblasts, including sequential upregulation of several osteoblast-specific markers. Alkaline phosphatase, an early marker of osteoblastic differentiation in CVC and other osteoblastic cells, mediates the differentiation process and provides phosphate ions for calcium phosphate mineral formation. 23, 24 Treatment of CVC with leptin for 4 days caused a significant, dose-dependent, 5-to 10-fold induction of alkaline phosphatase activity ( Figure  1A ). After 10 days of leptin treatment, calcification in the CVC cultures was also dramatically increased, as shown by von Kossa staining ( Figure 1B ) and a 45 Ca incorporation assay ( Figure 1C) . Altogether, these results suggest that leptin strongly induces osteoblastic differentiation and mineralization of CVC in culture. Leptin did not significantly alter proliferation or osteopontin expression in CVC (data not shown). In addition, the above CVC responses to leptin were independent of signal transducer and activator of transcription 3 (STAT3) activation, because treatment with leptin for 15 minutes or 1 hour did not induce phosphorylation of STAT3 in CVC, as determined by Western blot analysis using an antibody to phosphorylated STAT3 (Santa Cruz Biotechnology; data not shown).
Leptin Receptor Is Expressed in CVC
To examine the expression of leptin receptor in CVC, we performed reverse transcriptase PCR (RT-PCR) using RNA isolated from confluent cultures of CVC with primers specific for OB-Rb. The presence of a PCR product of the expected size of 380 base pairs indicated that OB-Rb was expressed in CVC (Figure 2A ). Immunocytochemistry performed on nonpermeabilized confluent cultures of CVC with an antibody to PϽ0.005 for all leptin vs buffer-treated samples. B, CVC monolayers were treated as described in A for 10 days. Von Kossa silver nitrate staining shows calcification as a black stain.
Results from a representative of 3 experiments are shown (phase-contrast magnification, ϫ40). The number in the bottom corner of each panel represents the concentration of leptin used in g/mL. C, CVC were treated with control buffer or leptin for 10 days, as described above, and then a 45 Ca incorporation assay was performed. Results from a representative of 3 experiments are shown as the meanϮSD of 6 determinations. PϽ0.01 for all leptin vs buffer-treated samples.
the conserved extracellular domain of leptin receptors showed strong immunoreactivity in 30% to 40% of the cells in the monolayer ( Figure 2B ). No immunoreactivity was found when nonimmune rabbit IgG was used as a control ( Figure 2B ). Western blot analysis of 10 g of membrane preparation from CVC identified 5 previously described bands ( Figure 2C ). 4, 13, 18 No immunoreactivity was found with control nonimmune rabbit IgG (data not shown).
Leptin Receptor Is Expressed in the Artery Wall
To examine the expression of leptin receptor in the artery wall, immunohistochemistry was performed on thoracic aortic specimens from C57BL/6J mice. Immunoreactivity with leptin receptor antibody was found along the outer circumference of the vessel wall ( Figure 3A) , mainly specific to subpopulations of medial and adventitial cells near the external elastic lamina ( Figure 3D ). Immunoreactivity was also found associated with the endothelium of the adventitial vessels but not with the aortic endothelium ( Figure 3A ). Positive staining with von Willebrand factor identified the endothelium of the vessels ( Figure 3B ), and nonimmune rabbit IgG, used as a negative control, showed no reactivity in serial sections ( Figure 3C ). An identical pattern of staining was found in 4 of 4 specimens obtained from separate animals.
We further confirmed the expression of the leptin receptor in the artery wall by RT-PCR ( Figure 4A ). Analysis of RNA isolated from 2 separate aortas from C57BL/6J mice showed an expected size band of 389 base pairs, corresponding to the mouse OB-Rb. RNA extracted from mouse liver, which has previously been found to express leptin receptor, 2 was used as a positive control.
Expression of Leptin in Artery Wall and by Artery Wall Cells
To test whether leptin is produced locally in the artery wall, which would expose vascular cells to high leptin concentrations, we tested for its expression in the aorta. RT-PCR using RNA isolated from whole mouse aortas showed expression of leptin mRNA by aortic cells ( Figure 4B ). RNA isolated from abdominal fat was used as a positive control ( Figure 4B) . Furthermore, immunohistochemical analysis using an antimouse leptin antibody demonstrated the presence of leptin in atherosclerotic lesions in mice, but substantially less or no expression in normal aortas ( Figure 5 ).
To further identify vascular cells capable of expressing leptin, we tested various artery wall cells for the in vitro expression of leptin. Northern blot analysis of total RNA isolated from confluent cultures of human aortic endothelial cells and monocyte/macrophages, as well as human adipocytes used as positive control, showed a 4.5-Kb band corresponding to leptin mRNA 25 (Figure 6 ). Furthermore, leptin secretion was quantified by RIA in conditioned No band was found in the control sample lacking cDNA (cont). B, Nonpermeabilized confluent cultures of CVC were fixed with 4% paraformaldehyde and stained for leptin receptor using the OBR-E1 antibody (OB-R), as described in Materials and Methods. Cells stained with nonimmune rabbit IgG are shown as a negative control (IgG). Phase-contrast magnification, ϫ200; inset, ϫ400. C, Western blot analysis for leptin receptor expression in CVC is shown using duplicate membrane preparations and staining with the OBR-E1 antibody, as described in Materials and Methods. Sizes corresponding to molecular weight markers are indicated. media from human aortic endothelial cells and monocyte/ macrophages. Results from a representative of 2 experiments performed on quadruplicate samples showed 1.2Ϯ0.1 ng of leptin/mg of cell protein in endothelial cells and 3.6Ϯ0.6 ng of leptin/mg of cell protein in monocyte/ macrophage-conditioned media. Although the conditioned medium contained FBS, which may contain bovine leptin, this assay is specific for human leptin.
Discussion
The present report demonstrates the expression of leptin and its receptor in the artery wall and by artery wall cells and a direct effect of leptin on osteogenic differentiation of a subpopulation of vascular cells. Leptin receptor expression was found in cultured CVC by RT-PCR, immunocytochemistry, and Western blot analysis. Of the 5 bands identified on Western analysis of CVC for OB-R, all corresponded with previously reported sizes for OB-R in other tissues. 4, 13, 18 Also consistent with our findings, bands with approximate sizes of 240, 200, 120, and 80 kDa were recently identified in testicular tissue. 26 The faint band at 120 kDa corresponds to the short form of the leptin receptor. 18 The additional band at 170 kDa corresponds to the endothelial cell form of the leptin receptor. 4 Leptin receptor expression was also identified in the medial layer of mouse aorta in a subpopulation of medial cells. This is consistent with previous reports indicating the heterogeneity of medial smooth muscle cells with respect to the expression of surface markers and the stage of differentiation. 27, 28 However, the presence of leptin receptor on medial cells and its pattern of expression among different populations of medial cells have not been previously reported.
In addition to smooth muscle cells, marrow stromal cells, another mesenchymal cell population, have been reported to express leptin receptor; therefore, it is intriguing to speculate that vascular pericytes may be the adventitial cells expressing leptin receptor. Immunoreactivity of small vessel endothelium for the leptin receptor antibody is consistent with the recent report by Sierra-Honigmann et al 4 showing leptin receptor expression in microvascular endothelium of human dermis and adipose tissue. Lack of immunostaining for leptin receptor in the aortic endothelium suggests specificity to microvascular endothelium and may prove to be an interesting and physiologically important difference between the endothelium of large and small vessels that deserves further investigation.
Recently, Kang et al 29 also identified the leptin receptor in atherosclerotic human arteries, predominantly in foam cells, vascular smooth muscle cells, and the endothelial cells of intimal neovessels. In the present report, we also provide evidence that leptin is produced in vitro by cells of the artery wall and in atherosclerotic lesions. Although leptin protein was not evident on immunohistochemistry of the normal mouse aorta, it is possible that the endothelial cells secreted the protein into the circulation. In contrast, in atherosclerotic lesions, leptin protein may be trapped in the abnormal matrix, and it may also be produced by monocytes and macrophages within the lesion. Altogether, it is clear that the leptin receptor is present on artery wall cells; therefore, the role of leptin in regulating the function of these cells and the artery wall deserves further elucidation. Interestingly, Nishina et al 30 reported that mice lacking leptin (ob/ob) or leptin receptor (db/db) had reduced atherosclerotic lesion areas compared with controls, which was partially contributed to by the increased HDL levels in these mice. However, because leptin may regulate inflammation and immunity, 31 it is intriguing to speculate that the reduced lesion area reported by Nishina et al 30 may by partially due to the absence of leptin and its proinflammatory effects in the mutant mice.
The present results also indicate that leptin regulates the osteogenic differentiation of a subpopulation of vascular cells. Leptin induced alkaline phosphatase activity and subsequent mineralization in CVC. The pro-osteogenic differentiation effects of leptin are consistent with findings of Thomas et al, 18 who recently reported that leptin induces the osteoblastic differentiation of marrow stromal cells, which also express leptin receptors.
We also examined the effect of leptin on 2 major signaling molecules, STAT3 and cAMP. Leptin induces the phosphorylation and activation of STAT3 in several cell types, including endothelial cells and oocytes. 4, 32 However, leptin did not induce the activation of STAT3 in CVC, as indicated by a lack of phosphorylation of STAT3 in leptin-treated cells. We previously reported that the induction of cAMP levels in CVC enhances their osteogenic differentiaton. 22 Treating CVC with leptin did not have a significant effect on cAMP levels (data not shown). These results suggest that the pro-osteogenic effects of leptin on CVC are independent of STAT3 or cAMP.
The present report further supports the role of leptin as a regulator of peripheral tissue physiology by providing anatomical evidence of leptin receptor expression in the aortic wall and biological activity promoting the calcification of cells derived from vascular tissue. This is a significant finding given the importance of vascular calcification in the diseases of the artery wall, including atherosclerosis, and the agingassociated impairment of its elastic functions. 33, 34 
